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Abstract 
A stratified single tank is an alternative to a two-tank storage system for solar thermal power plants since it is promising cost 
reductions and shows more potential for further technical development. Direct integration of the steam generator is one of the 
possibilities. In this paper a higher order finite volume modeling approach for the storage is presented which reduces numerical 
diffusion but applies a turbulence factor which determines stratification. The discharge of the storage and the circulation of 
molten salt through the shell side of the internal steam generator by a forced flow is compared to natural circulation. The 
buoyancy driven flow strongly depends on the system design. The performance is improved with higher positioning of the heat 
sink in the storage system since a lower minimum charging level of the storage is required to obtain the design flow rate. The 
difference between the operation modes is more distinctive in the morning and the evening, when the charging level is relatively 
low and during days with low irradiation. With the chosen configuration both operation modes lead to the same circulation rate as 
soon as the charging level exceeds 24%. An annual simulation showed a reduction of total produced electricity by 3% for natural 
circulation compared to forced circulation. In case of forced circulation 95% of the cumulated charging power can be discharged, 
pure natural circulation achieves a discharge rate of 91%. To achieve the same performance the buoyancy driven flow needs to be 
supported by an impeller in 9% of the operational time. 
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1. Introduction 
The ability to store energy relatively efficiently and to dispatch electricity independent of energy source 
fluctuations or according to the demand is a huge benefit of solar thermal power plants. It is also the distinctive 
feature comparing solar thermal power plants to other renewable energy technologies such as photovoltaic or wind 
power. The integration of a thermal energy storage system into a plant is not only improving dispatchability but also 
increases the electricity production for the same nominal turbine power. 
State-of-the-art for thermal energy storage is a two-tank system storing the cold and hot fluid in different tanks. 
The first commercial parabolic trough plant in Europe, Andasol I, is using this storage system with a capacity of 
1000 MWh, equivalent to 7.5 h of full load power [1]. 
Since there is further need for cost reduction and little development potential for the established two-tank system, 
alternative storage systems are currently in the focus of many research activities. One candidate is a single stratified 
storage tank. The obvious advantage is the saving of one tank. Furthermore, the possibility of inserting filler 
materials can lead to a reduction of the required amount of molten salt which can be replaced by the cheaper filler 
materials. The investigation of the effect of inserting filler materials is, however, beyond the scope of this paper. 
Another proposed modification is the direct integration of a steam generator into the storage. The conventional 
steam generator consisting of economizer, evaporator and superheater is replaced by a once-through helical coil 
steam generator. The molten salt is hereby on the shell side and steam production takes place on the tube side. One 
benefit of this configuration is the circulation of molten salt through the primary side of the steam generator by 
natural circulation. This combination of thermal storage and steam generator is investigated in a pilot-scale unit in 
the ongoing EU-funded project OPTS. A scale-up suitable for a 50 MW power plant is investigated in this paper. 
The simulation of the system is carried out with the transient simulation environment ColSim. The principle of 
natural circulation and the corresponding system design is described in the first part of this paper. A detailed 
explanation of the numerical storage model is given in chapter 3. The implementation of the natural circulation 
algorithm is described in chapter 4 and the results for an annual simulation are shown in chapter 5. 
 
Nomenclature 
      
Symbols Lth thermal length m 
   l length m 
β isobaric expansion coefficient K-1 ṁ mass flow rate kg s-1 
δx turbulent mixing length m Pe Peclet number - 
λ thermal conductivity W m-1 K-1 T Temperature K 
κ Karman constant - t time s 
ρ density kg m-3 u fluid velocity m s-1 
ζ friction coefficient - x volume length m 
A cross-section area m    
a thermal diffusivity m2 s-1 Abbreviations 
Co Courant number -    
cP specific heat capacity J kg-1 K-1 DNI Direct normal irradiation  
d diameter m TES Thermal energy storage  
f turbulence factor - SG Steam generator  
g gravitational constant m s-2 FC Forced circulation  
K loss coefficient - NC Natural circulation  
   FOU First order upwind  
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2. System description and principle of natural circulation 
2.1. Phenomenon of natural circulation 
The innovative character of this concept is the natural circulation of the heat storage medium through the steam 
generator. Natural circulation loops are driven by a density difference between the hot and cold side of the loop and 
the resulting pressure difference. Natural circulation systems require therefore a heat source and a heat sink. The 
driving pressure difference is in equilibrium with the friction pressure drop in the loop and the acceleration pressure 
drop for transient conditions. The loop momentum balance is given below by Equation 1 [2]. 
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The term on the left side describes the acceleration pressure drop and has to be considered for unsteady 
conditions. The first term on the right side of the equations displays the pressure difference due to the different 
densities, where Lth is the vertical distance between heat sink and heat source. The second term considers the 
pressure drop due to friction and change of cross-section area.  
The principle of natural circulation is wide spread in nuclear power systems to guarantee a cooling of the reactor 
core. Whereas in latter application the heat is supplied by the reactor core, in case of concentrated solar power the 
solar field is the heat source and the steam generator is the heat sink which produces steam to drive a turbine. The 
cooling of molten salt in the steam generator leads to a lower average temperature and hence a higher density in this 
branch of the loop. As soon as either the storage is charged or feedwater fed through the tubes in the steam generator 
a temperature difference between the sides will arise and natural circulation commences. A density driven pressure 
gradient arises which promotes a downward directed flow in the steam generator. The flow rate depends on the 
temperature difference. If the flow rate is not sufficient to meet the required steam generator power an impeller at 
the bottom of the helical coil bundle can be turned on to support the circulation on the shell side. If the buoyancy 
driven flow exceeds the required flow rate the size of the inlet slots at the top of the steam generator can be reduced 
by a slider gate to increase the pressure drop which results in a lower flow rate. 
2.2. Designing natural circulation systems 
The driving force relies on the temperature difference between steam generator and storage. A low average 
temperature in the steam generator and a high average temperature in the storage are therefore desirable. The 
temperature in the storage is a result of the available solar power. The temperature on the steam generator side can 
be influenced by the steam generator design. In a closed loop the heat sink should be located as high as possible and 
the heat source as low as possible to increase the thermal driving length Lth. That can be realized by extending the 
outer shell of the steam generator over the full height of the storage but placing the tube bundle only in the 
uppermost part of the steam generator section. This is illustrated in Figure 1. 
The larger the dashed area under the curve in the plot of Figure 1 the higher is the hydrostatic pressure in the 
steam generator section. If the bundle would occupy the full height of the storage section the average temperature 
would be considerably higher and approximately equivalent to the mean value of SG inlet and outlet temperature.  
A first design for a large-scale realization of the steam generator with a bundle height of 4 m has been made. The 
pressure drop through the bundle at the reference flow rate is 1985 Pa, according to the applied correlation [3]. If the 
buoyancy caused pressure difference exceeds that value, the design flow rate will be reached. The corresponding 
charging level depends only on the height of the storage if it is assumed that the steam generator section height is 
equal to the storage height and the bundle height is fixed. The higher the end of the tube bundle in the SG section the 
higher is the column with cold molten salt on the SG side, illustrated by the dashed area in Figure 1. The charging 
level is defined as the ratio of stored energy to maximum storage capacity or the average storage temperature related 
to the temperature range of 260 K. For a storage height of 14 m which is a reasonable height for stratified storages 
[4] a density difference of 14 kg m-3 is required to meet the frictional pressure. Assuming an average expansion 
coefficient of 3.5·10-4 K-1 leads to a required temperature difference of approximately 22.5 K between the molten 
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salt in the storage and steam generator. A low average steam generator temperature provides operation with design 
conditions at a lower average storage temperature and therefore lower charging levels. The pressure drop in the free 
section of the SG will be neglected since it is relatively low compared to the bundle pressure drop due to the large 
cross-section area 
 
 
Fig. 1. Concept of the integrated steam generator and the temperature profile in the steam generator section. 
For a storage height of 14 m a charging level of 24% is sufficient. The effect of storage height on the minimum 
charging level is displayed in Figure 2a. Figure 2b shows the flow rate ratio for the reference height of 14 m below 
the required charging level. 
 
Fig. 2. a) required charging level for the reference flow rate as function of the storage height, assuming a constant bundle height of 4 m, b) flow 
rate ratio as function of the charging level for storage height of 14 m. 
It can be seen that the minimum charging level decreases with increasing storage height. The calculations for the 
results displayed in Figure 2 have been conducted assuming a SG inlet temperature of 550°C and an outlet 
temperature of 290°C. A charging level of 24% corresponds therefore to a storage temperature of 352.5°C. Figure 
2b) might evoke the impression that there is no buoyancy driven flow below 15% charging level which is not 
exactly correct. At a low charging level also the SG inlet temperature into the steam generator is lower and therefore 
also the average SG temperature which was previously assumed to be 420°C. This fact will be shown later by 
displaying the temperature profile at the end of a discharge cycle. 
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2.3. Commercial scale realization and plant configuration 
The concept for a 50 MW plant comprises 5 separate steam generator sections each with a nominal power of 
25 MWth. The steam generators will be distributed over the cross-section area to minimize the distance of fluid 
anywhere in the storage to the inlet of a steam generator. The direct integration leads to a different storage operation. 
Whereas most researchers consider the operation of stratified storage as pure charge or discharge cycle, the steam 
generator integration leads to a combined operation. Depending on the flow rates of heat source and heat sink an 
effective flow direction will arise which can differ from the resulting cycle mode. Depending on the temperature 
distribution in the storage the charging power can exceed the discharge power even if the net flow is directed 
upward or vice-versa.  
The combination of storage and steam generator will be analyzed for a parabolic through plant using molten salt 
as heat transfer fluid. Besides the solar field the plant comprises a backup heater, the storage with integrated steam 
generator and a power block. The backup heater which is placed in a bypass between solar field and storage is only 
used for freeze protection during night. The energy in the storage is not used for this purpose within this work but 
would be in general a good approach. At the end of the discharge cycle there is still some hot fluid left at medium 
temperature that is too low to produce high quality steam to run the turbine. This fluid at a temperature between the 
upper and lower operating temperature is usually referred to as thermocline. Using it for freeze protection has two 
advantages. On one hand a disadvantage of stratified storages is compensated. Usually the mixing in the storage 
results in a lower efficiency compared to the two-tank system since the medium temperature fluid cannot be used 
anymore. On the other hand the fluid at medium temperature is ideal for freeze protection and circulating it in the 
receiver tubes during the night. The reduced temperature decreases the heat losses which increase exponentially with 
temperature. The plant parameters for the simulation are shown in Table 1. 
Table 1. Plant data for the investigated solar thermal power plant. 
Location Daggett, CA Cooling mode dry 
Nominal electrical power 50 MW Number of loops 96 
Storage capacity 1000 MWh Number of SCA per loop 6 
Heat transfer fluid Molten salt Net storage volume 5016 m3 
Collector SKAL-ET 150 Nominal SG power 125 MW 
Upper operating temperature 550°C Lower operating temperature 290°C 
 
A detailed description of the numerical storage model which was developed within this work is given in the next 
chapter.  
3. Stratified storage numerical model 
3.1. Governing equations and numerical solution 
The requirements for the development of this model have been a good computational efficiency, a flexible 
configuration concerning number and position of ports, a realistic implementation of the involved physical 
phenomena and the suitability for annual simulations. The model incorporates heat exchange with tank wall 
including transient axial conduction in the tank wall and heat loss to the environment. Furthermore, turbulent mixing 
is included near inlets, since it is seen as one of the major destratification factors. A turbulence factor is introduced 
in the model to take care of this fact. In case of inverse stratification a propagation factor for the diffusive fluxes also 
allows a heat flux directed against the flow direction. The model in general is based on a finite volume approach. 
Some assumptions have been made to simplify the solution:  
 
x One-dimensional discretization of the fluid domain 
x Detailed solution only of the energy equation 
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x Constant density and heat capacity for the solution of the energy equation 
x Explicit forward time-stepping 
 
The modified governing energy equation for the fluid is given by Equation 2 
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where ρ is the density of the fluid, cP the specific heat capacity , T the temperature, u the fluid velocity, x the volume 
size, f the turbulence factor, λeff the effective thermal conductivity and ݍሶ  the volume specific heat flux. The heat flux 
allows heat transfer to the tank wall or heat loss to ambient. As mentioned above the time derivative is solved by an 
explicit Euler discretization. The spatial derivative for the convective fluxes or rather the face volume temperatures 
in simplified 1D-models are often implemented by first order upwind scheme. First order methods are prone to 
numerical diffusion for sharp gradients. A good efficiency of stratified storages is based on as less mixing of the hot 
and cold fluid layer as possible. The artificial diffusion of first order schemes can lead to a temperature profile 
which is dominated by this numerical error and not by physical effects. The extent of numerical diffusion depends 
on the Courant number, defined in Equation 3. 
ܥ݋ ൌ ௨௱௧௱௫   (3) 
The smaller the Courant number the larger the impact of numerical diffusion. For a Courant number equal to unity 
an exact solution for the Advection equation is obtained. For constant flow rates and therefore constant velocities it 
is possible to achieve unity by a proper selection of time step and spatial discretization. However, the explicit 
Advection-Diffusion equation is unstable for Co equal 1. In solar applications the flow rate varies with irradiation 
and hence it is not possible to get acceptable Courant numbers. To overcome this problem a third order scheme was 
chosen for the convective fluxes which is less sensitive to the Courant number. The QUICK scheme is using three 
volume temperatures for the interpolation of the corresponding volume face temperature [5]. Better results are 
achieved by this method.  
Whereas first order schemes are prone to numerical diffusion, higher order methods are prone to oscillations. As 
result overshoots occur in the temperature profile and temperatures higher than the maximum inlet temperature are 
possible. This is addressed by the introduction of a flux limiter which is checking the interpolated face temperature 
and correcting it if necessary. The ULTIMATE algorithm is applied for this purpose [6].  
The numerical solution incorporating QUICK and ULTIMATE for the pure Advection-Diffusion equation is 
compared with an analytical solution. Assuming that cold fluid is replaced by the hot fluid and introducing a moving 
coordinate, an analytical solution can be found for this particular case [7]. The parameters for this study can be seen 
in Tab. 2. 
Table 2. Parameters for evaluating different numerical solutions for Advection-Diffusion equation. 
Capacity 1000 MWh Flow rate 302 kg·s-1 
Charging power 119 MW Tcold 290°C 
Dimensions (height / diameter) 14 m / 21.4 m Thot 550°C 
 
The numerical solution for the higher order scheme with 50 volumes for a tank height of 14 m is in good agreement 
with the analytical solution whereas the resolution definitely has to be increased for the first order scheme to get an 
acceptable result. The comparison is shown in Figure 3a. The Courant number for the numerical solutions is 0.1. A 
resolution increase for the first order scheme by factor 10 would be necessary to obtain the exact solution. An 
increase at least by factor 5 would be necessary to achieve similar results as the higher order scheme. The 
thermocline region displayed in Figure 3a is quite small for the analytical solution since convection is dominating 
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the process and diffusion could theoretically be neglected for transient conditions. This is expressed by the Peclet 
number which is defined by Equation 4, 
ܲ݁ ൌ  ௨௅௔   (4) 
where a is the thermal diffusivity and L the height of the tank. The Peclet number for the parameters in Tab. 2 is 
larger than 30,000 and the process hence strongly convective. The stratification in Figure 3a is almost ideal and 
cannot be expected in a real system. This leads to the conclusion that advection and diffusion are not sufficient to 
model stratified storages. Pure advection and diffusion lead to the result that increased flow rates increase the 
efficiency since there is less time for diffusion. This would be in contrast to the results obtained for hot stratified 
water tanks [8]. Mixing near inlets has a large parasitic influence on the stratification. A turbulence factor f is hence 
introduced to the Advection-Diffusion equation, enhancing the diffusive fluxes similar to a turbulent thermal 
diffusivity in CFD software packages. This empirical factor depends on the process parameters, such as temperature 
difference or flow rate, as well as the diffuser type and its position in the storage [9]. Increasing the flow rate yields 
in a higher turbulence factor and thus more mixing occurs. Vice versa a lower flow rate reduces the size of the 
thermocline region and increases the efficiency as illustrated in Figure 3b. The parameter fin is the turbulence factor 
at the inlet, the propagation factor f decreases with storage height is equal 1 at the outlet. 
 
Figure 3. Comparison of first order upwind scheme (FOU), QUICK scheme with (ULTIMATE) and analytical solution for charging process with 
parameters of Tab. 2. 
 
Equation 2 contains the parameter λeff which is the molecular thermal conductivity for an ordinary stratification 
where the temperature decreases consequently with the height. If the temperature of the return flow from the steam 
generator is higher than the fluid at the bottom of the storage a buoyancy driven upward flow will arise which could 
be directed against the main flow direction. Buoyancy heat conduction is a way to implement this phenomenon even 
in a one-dimensional model. In case of inverse stratification λeff consists of the molecular conductivity and a buoyant 
conductivity λb which is given by Equation 5 [10]. 
ߣ௕ ൌ ଶଷ ߩܿ௉ߢሺߜݔሻଶට݃ߚ
డ்
డ௫  (5) 
κ is the Karman constant which is approximately 0.4, δx the turbulent mixing length, g the gravitational constant and 
β the isobaric expansion coefficient. 
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4. Simulation parameters and control strategies 
The scope of this work is to show the influence of the storage/steam generator combination on the plant 
performance. Furthermore, the influence of a buoyancy driven flow and the effect of real conditions are 
investigated. The storage is a direct system and thus solar field, storage and power block exhibit a serial 
arrangement. The flow rate on the heat source side is dictated by the solar field control which aims at a constant 
design outlet temperature. If the storage target capacity is reached the flow rate is reduced to compensate only the 
flow to the steam generator.  
There are several possibilities for the discharge operation, the most simple being constant thermal discharge 
power. Depending on the upper temperature in the storage and the design return temperature to the storage the 
discharge flow rate is adapted to meet the thermal power input for the power block. However the flow rate is limited 
by a defined maximum flow rate. In case of natural circulation the flow rate is only limited if the nominal thermal 
power would be exceeded. In this case the size of the inlets at the top of the steam generator would be reduced. 
Steam generator operation from the beginning would result in very low flow rates caused by small pressure 
difference between storage und steam generator section. The buoyancy driven flow rate is calculated by a Newton 
algorithm to guarantee equilibrium between buoyant and friction forces. Acceleration pressure drop in the SG and 
friction in the storage are neglected. The feed water flow rate for the secondary side of the steam generator is 
constant. If the steam outlet temperature drops below 350°C the power block operation ends. For real plants this 
value would depend on the part load ability of the turbine regarding minimum feed water flow and inlet temperature.  
The power block model is based on polynomial fits which are obtained by results generated with a commercial 
power cycle software. The power block model is working as black box model with steam flow rate, enthalpy and 
pressure as input and returns the turbine power. 
5. Results and discussion 
5.1. Evaluation of forced and natural circulation for three different days 
As mentioned before natural circulation depends mainly on the charging level in the storage and therefore on the 
cumulated solar field power in the storage. The performance between forced and natural circulation is shown for 
three days with different irradiation. A day around March equinox (20th March), summer solstice (17th June) and 
winter solstice (19th December) has been selected. The corresponding DNI is 6.9, 8.9 and 11.8 kWh m-2 d-1. The 
annual irradiation is 2708 kWh m-2 a-1. The differences between the operational modes are the most distinctive in the 
morning and the evening when the charging level is low. To illustrate this, the discharge operation already starts 
when charging level has reached 1%. A later start would favor the natural circulation mode and accelerate the start-
up. The comparison is shown in Figure 4 below. The start-up behavior of the flow is qualitatively similar for all the 
three days. A small peak occurs directly at the beginning and the flow rate decreases slightly afterwards to rise again 
after a short period. The slope of the temperature increase is the highest for the June day since the average storage 
temperature rises the fastest. 
The startup behavior can be addressed by delaying the start of the steam generator operation. While the flow rate 
for natural circulation rises at the beginning, the flow rate for the forced circulation mode drops from the maximum 
value to the design point within the start of the discharge process. This is related to the relatively low upper storage 
temperature at the beginning and the discharge control to aim at 125 MWth. For the 20th March the natural 
circulation flow reaches the design value before 10 am whereas on 19th December neither the design flow rate nor 
the reference discharge power are reached. The difference between the days in March and June is less distinctive, 
but natural circulation needs approximately 30 min longer to reach the design flow rate on the March day. 
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Fig. 4. Comparison of forced circulation (FC) and natural circulation (NC) for three different days. 
At the end of a cycle the behavior is similar to the start-up in the morning. The forced flow rate rises again to 
guarantee the fixed discharge power and the natural circulation flow decreases due to the lower driving force. Due to 
the lower discharge flow rate at end of a cycle the discharge operation by natural circulation ends later than that by 
forced circulation. However, due to lower flow rates and heat transfer rates in the steam generator the live steam 
temperature decreases. The quantitative differences are displayed in Table 3 and the current and cumulated values 
are given for the end of the operation. 
Tab. 3. Comparison of forced and natural circulation operation for three different days. 
 20th March 19th December 17th June 
 NC FC NC FC NC FC 
End of PB operation 00:01  00:08 15:37 15:04 01:07 01:21 
Remaining storage capacity, MWh 97 66 66 16 106 73 
Thot storage, °C 495 448 522 448 497 450 
ṁSG, kg s-1 297 400 258 400 298 400 
Cumulated SG power, MWh 2024 2067 783 802 2327 2380 
Energetic efficiency, % 95 96 92 97 95 96 
 
In Table 3 the end of the power block operation and the state of the plant at this time is given. The turbine stops 
when the live steam temperature falls below 350°C. It can be seen that in case of natural circulation the remaining 
stored energy is higher than that for forced circulation operation. This is caused by the larger cumulated SG or 
discharge power for the latter case. The difference is more distinctive for the December day. However, the 
difference in cumulated SG power is only around 2%. The deviation of produced electricity is even less. The current 
SG power at the end of the cycle is equal in all the cases and caused by the power block operation condition and the 
fixed feedwater flow rate. A temperature rise from 240°C at 105 bar to superheated steam at 350°C with 52.5 kg s-1 
is equivalent to approximately 96 MW. The most distinctive difference occurs for the flow rate. Whereas the 
buoyancy driven flow decreases due to the lower driving force, the controller increases the discharge flow to the 
maximum value to get the target discharge power as already mentioned above. To meet the design power of 125 
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MWth a flow rate of 552 kg s-1 would be required for an upper storage temperature of 448°C and a design return 
temperature of 290°C, as it can be seen for the forced circulation cases in Table 3. Figure 2b shows that the flow rate 
would drop to zero for charging levels below 15%. At the end of the discharge cycle for the evaluated March day the 
remaining stored energy is 97 MWh which is equivalent to 9.7% charging level or an average temperature of 315°C 
and thus the driving force should actually be zero. Similar to the beginning of the process the inlet temperature into 
the SG drops, which again leads to a lower average SG temperature of 294°C instead of the design value of 329°C. 
The resulting pressure difference of 1807 Pa caused by buoyancy is sufficient to provide the stated 297 kg s-1.  
The energetic efficiency is in this case defined by the ratio of cumulated SG power and charging power. It can be 
seen that the efficiencies are closer to forced circulation the better the natural circulation flow. Changing the 
evaluation point to the time when the upper storage temperature falls below 550°C, the efficiency for the March day 
decreases to 88% for natural circulation and to 87% for the forced circulation. The detailed profiles for a pure 
natural circulation driven process are shown in Figure 5 for the March day. The first peak seen in Figure 4 is caused 
by the sudden cooling of the molten salt in the SG section and can also be seen as the drop of the average SG 
temperature TSG. The average storage temperature TTES is constantly rising and thus a local maximum occurs until it 
is compensated by warmer molten salt entering the SG section and increasing the temperature which leads to a 
decrease of pressure difference and flow rate for the time being. 
 
Fig. 5. Detailed profiles of all the import parameters for a pure natural circulation driven process. 
5.2. Annual simulation 
Natural and forced circulation operation have first been evaluated for selected days and will now be compared by 
annual simulation to cover a wide range of possible circumstances which favor and harm natural circulation. A pure 
natural circulation operation is assumed as before. The saved pumping power can be evaluated comparing these two 
options or, if available, by comparing it to the conventional steam generator since the pumping parasitics are 
relatively low for the helical coil bundle. The pressure drop for the design flow rate was 1985 Pa resulting in a 
hydraulic power of 321 W. The electric power consumption depends on the conversion of rotation energy into axial 
fluid momentum and the efficiency of the electric motor.  
Under real conditions the impeller would be switched on if necessary. For this purpose the duration the impeller 
is needed taux is compared to the total time the steam generator is under operation ttotal. The ratio of this parameters is 
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approximately 9%. Additionally the hydraulic power that would be necessary to achieve the design flow was 
calculated. The electrical power consumption of the impeller cannot be specified without a corresponding impeller 
power consumption parameter. The storage efficiency is defined as before as the ratio of cumulated SG power to 
cumulated charging power. The storage efficiency of 95% for forced circulation is considerably higher than for 
natural circulation. The total produced electricity is approximately 2.4% lower for pure natural circulation driven 
operation. However, these results depend strongly on the operation and control of the plant. 
Tab. 4. Comparison of cumulated energy production, SG power and efficiency for an annual simulation. 
 Natural circulation Forced circulation 
Average storage efficiency, %  91 95 
Electricity production, GWh 196 203 
Cumulated SG power, GWh 511 524 
ttotal, h 4310 4343 
taux, h 388 - 
Phyd, MWh 1.29 - 
 
Beside the cumulated values the difference for the average storage efficiency is also shown for each month. This 
is displayed in Fig 6.  
 
Fig. 6. Energetic storage efficiency for natural and forced circulation in the course of a year. 
It can be seen that the efficiencies are closer in the months with a high irradiation and the gap is increasing during 
the winter months. The efficiencies do not serve as parameter to compare the single stratified tank to a two-tank 
system since the lower charging power which occurs when the lower storage temperature rises and thus heat losses 
increase in the solar field is not included in this parameter. 
6. Conclusion 
A stratified storage with an integrated steam generator has been investigated. The performance of the developed 
numerical storage model was explained and a description of the implemented physical phenomena given. The 
discharge of the storage or the circulation of the heat storage medium through the steam generator is based on a 
buoyancy driven flow due to the temperature difference between storage and steam generator. It was shown that the 
heat sink should be located as high as possible to reach the design flow rate already at low charging levels of the 
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tank. The effect of a natural circulation driven discharge operation was compared to operation by forced circulation 
for three different days and in an annual simulation. The total produced energy is less than 3% lower for the pure 
natural circulation option. A support of the impeller would be necessary in 9% of the total power block operation 
period. The difference between the operation modes for storage efficiency is less distinctive for days with a high 
irradiation in the summer month. The buoyancy caused flow rate differs especially in the morning and in the 
evening at low charging levels from the design value.  
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